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We have investigated the spatial variation of the stress eld along the fault rupture zone of the 1999 Izmit
earthquake (Mw 7.4) using rst-motion polarity data at seven distinct aftershock clusters. In our approach, the
rst-motion polarities of all the aftershocks in a cluster are simultaneously inverted to determine the stress tensor
parameters and fault plane solutions of individual events, in accordance with the method of Horiuchi et al. (1995).
Where post-seismic slip was signi cant (e.g., Sapanca, Sakarya-Akyaz , and Karadere segments), we obtained
stress tensors with the fault parallel or fault normal maximum (σ1) and minimum (σ3) principal compressive stress
axes, which may imply either low frictional coef cients or fault weakness. A stress tensor with similar features
was derived from the C¸ narc k cluster, where the aftershocks lie in a low-velocity zone beneath the geothermal
area. The maximum principal stress axis tends to remain parallel to the trend of the pre-mainshock σ1 around
the Yalova segment; this segment experienced little to no co-seismic displacements. The stress tensor around the
Go¨lcu¨k segment, where the largest surface displacement of 5.5 m was observed, was determined to be 20–25◦
counterclockwise rotated, but the aftershock alignment remained fault parallel. We interpret these results in terms
of the strong crust. On the other hand, both the aftershock alignment and the stress tensor were found to be rotated
in the Izmit earthquake epicentral region despite the lower co-seismic displacements. We attribute this feature to
the weak crust.
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1. Introduction
The 1500-km-long North Anatolian Fault zone (NAFZ)
accommodating the translation and counterclockwise rota-
tion between the Anatolian and the Eurasian plates (Fig. 1)
is comprised of several fault segments. Most of these were
ruptured at different times during the twentieth century
by major (Mw 7) earthquakes (Barka and Kadinsky-Cade,
1988; Barka, 1992, 1996; Stein et al., 1997; McClusky et
al., 2000). The segmentation of such large strike-slip faults
generates complex earthquakes associated with failure on
several segments. For example, the 1992 Landers earth-
quake (Mw 7.3) ruptured ve distinct fault segments with
different geometries separated by releasing and restraining
step-overs (Sieh et al., 1993). This multi-segment rupture
pattern is a characteristic feature of the large NAFZ earth-
quakes generating complex waveforms and has been ob-
served in the 1992 Erzincan (Mw 6.8) and 1967 Mudurnu
Valley (Mw 7.1) earthquakes (P nar et al., 1994, 1996;
Barka, 1996) and, most recently, in the 1999 Izmit and
Du¨zce earthquakes (Gu¨len et al., 2002; Utkucu et al., 2003).
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The 17 August 1999 Izmit earthquake (Mw 7.4) ruptured
four distinct strike-slip fault segments with a right-lateral
sense of motion separated by step-over basins of different
sizes (C¸emen et al., 2000; Ayd n and Kalafat, 2002; Barka
et al., 2002; Gu¨len et al., 2002; Lettis et al., 2002). The
orientation, length, and measured offsets on these fault seg-
ments were not uniform, but the sense of motion was pre-
dominantly right-lateral strike-slip. The orientation of the
western-most 30-km-long Go¨lcu¨k segment, where 4- to 5.5-
m surface rupture displacements were observed, varies from
N78◦E to N84◦E, while the average offset on the 26-km-
long, N89◦W-oriented Sapanca segment was between 2 and
3 m (C¸emen et al., 2000; Lettis et al., 2002). The max-
imum displacement on the N87◦W-oriented, 36-km-long
Sakarya segment was 5 m, with an average of 2–4 m, and
the minimum offset (1–1.5 m) was measured on the eastern-
most 35-km-long Karadere fault segment that is oriented
from N50◦E to N80◦E (Lettis et al., 2002). A recent study
based on high-resolution bathymetry data provides strong
evidence showing that no signi cant motion occurred on the
40-km-long offshore Yalova segment located to the west of
the Go¨lcu¨k segment (Cormier et al., 2006), though mod-
eling of geophysical data suggests considerable displace-
ments (Wright et al., 2001; Gu¨len et al., 2002).
The right or left step-over of the segments on the NAFZ
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Fig. 1. Aftershock activity from 17 August 1999 to 16 October 1999 depicting the fault rupture zone of the Izmit earthquake (Ito et al., 2002). The
star indicates the hypocenter of the mainshock. The capital letters A–G are used to name the cluster zones (A, C¸ınarcık; B, Yalova; C, Go¨lcu¨k; D,
I˙zmit; E, Sapanca; F, Sakarya-Akyazı; G, Karadere). KB, Karamursel basin; HP, Hersek peninsula; LSB, Lake Sapanca basin. The location names
mentioned in the text are also shown. The surface slip data associated with the fault segments are numbered from 1 to 5 and originate from Aydın and
Kalafat (2002). The upper dotted line indicates the co-seismic slip model for the mainshock based on GPS data (Reilinger et al., 2000). The upper
right corner of the ﬁgure shows the Eurasian and Anatolian plates and the trace of the North Anatolian Fault Zone (NAFZ).
results in releasing or restraining bends and the develop-
ment of step-over basins (Barka and Kadinsky-Cade, 1988).
The right step-over of the Go¨lcu¨k segment to the Yalova
segment created the 5-km-wide Karamu¨rsel basin that ar-
rested 4- to 5-m co-seismic displacements on the Go¨lcu¨k
segment and prevented major failure on the Yalova seg-
ment (Lettis et al., 2002; Cormier et al., 2006). On the
other hand, the ruptures on the Go¨lcu¨k segment propagated
eastward through the 1- to 2-km-wide Go¨lcu¨k step-over
basin, triggering 2- to 3-m surface displacements on the
Sapanca segment (C¸emen et al., 2000; Aydın and Kalafat,
2002; Barka et al., 2002; Gu¨len et al., 2002). Further-
more, the ruptures on the Sapanca segment propagated fur-
ther east through the 1- to 2-km-wide Lake Sapanca basin
that is created by the right step-over of the Sakarya seg-
ment to the Sapanca segment (Langridge et al., 2002; Lettis
et al., 2002). The Karamu¨rsel, Go¨lcu¨k, and Sapanca step-
over basins are the releasing bends where normal faults are
prominent features. In comparison, the left step-over of
the Karadere segment to the Sakarya segment creates a re-
straining bend where the highest aftershock activity took
place. In the study reported here, we show that the af-
tershock activity is not in conjunction with the restraining
bend; rather, it reﬂects stress perturbations in a large releas-
ing area bounded in the south by the faults ruptured by the
1967 Mudurnu Valley earthquake and in the north by the
faults ruptured by the 1999 Izmit earthquake.
In this study, we determine the focal mechanisms of af-
tershocks that took place on these fault segments or within
the step-over basins, which were either ruptured or acti-
vated by the mainshock generating distinct clusters of af-
tershocks. The fault plane solutions and the stress tensors
derived for the clusters reﬂect the responses of the faults
to the co-seismic ruptures; these ruptures depend primar-
ily on the crustal rheology and the state of stress prior to
the mainshock. We ﬁrst determine the pre-mainshock re-
gional stress tensors, using the focal mechanisms of large
events located in the proximity of the source region, and
then compare the regional and the local stress tensors, with
the aim of gaining an understanding of the causes of devi-
ations between these. In the following sections, we argue,
taking into account the results of previous studies, that a
careful examination of a local stress tensor derived from an
aftershock swarm provides valuable clues on the fault fric-
tion coefﬁcient (fault strength), the state of stress prior to a
mainshock, the strength of the crust, and/or the post-seismic
slip.
2. Regional Stress Tensor in the Source Region of
the 1999 Izmit Earthquake
The principal objective of our study is to compare the
regional stress tensor in the region between Yalova and
Du¨zce with the local stress tensors derived from the after-
shock clusters lying along the fault rupture zone (Fig. 1).
A likely cause for the discrepancy in the orientation be-
tween the local stress tensors and the regional stress ten-
sor could be either the source process of the mainshock or
spatial variations in crustal rheology. Therefore, we ﬁrst
estimate a regional stress tensor using the fault plane solu-
tions of large events given in Eyidogˇan et al. (1991) and the
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Fig. 2. The results of the stress tensor analysis for the P- and T -axes of the focal mechanisms of large earthquakes that occurred in the source region
since 1943. (a) The histogram of the R-value, (b) the distribution of the estimated principal stress axes, and (c) the distribution of the observed P- and
T -axes. In (b), red solid dots show the azimuth and plunge of the maximum compression axis σ1, blue circles show those of the minimum stress axis
σ3, green triangles show those of the intermediate stress axis σ2. In (c), red solid dots show the P-axes and blue circles the T -axes. Black symbols
denote the axes for the best stress model.
Harvard CMT catalogue.
The method we use to derive the stress tensor is described
in Gephart and Forsyth (1984). Input data for stress tensor
inversion is the orientation of the P- and T -axes of fault
plane solutions. The method yields a stress tensor deﬁned
by three principal stress components, namely, maximum
compression (σ1), intermediate compression (σ2), and min-
imum compression (σ3), with the stress magnitude ratio de-
ﬁned as R = (σ2 − σ1)/(σ3 − σ1). The value of R is a
measure used to characterize the stress ﬁeld. For example,
R ≈ 0 when σ1 ≈ σ2 (biaxial deviatoric compression or
state of conﬁned extension), R ≈ 1 when σ2 ≈ σ3 (uni-
axial deviatoric compression or state of conﬁned compres-
sion), and R ≈ 0.5 when σ1 ≈ σ2 ≈ σ3 (triaxial com-
pression). More detailed explanations on R are given by
Bellier and Zoback (1995). In a strike-slip faulting stress
regime where σ1 and σ3 are horizontal and σ2 is vertical
(σ1 = σHmax, σ3 = σhmin, σ2 = σv; σHmax = maximum hor-
izontal stress, σv = vertical stress, and σhmin = minimum
horizontal stress), the stress ratio R ≈ 1 represents the tran-
sition from a strike-slip to reverse faulting stress regime (in
which σhmin ≈ σv).
The combination of the four parameters (σ1, σ2, σ3, and
R) is called a stress model, and the model that most closely
matches the whole observed data set is called the best-
ﬁtting stress model. The best-ﬁtting model is searched for
in a grid over the four model parameters, systematically
adjusting each parameter one at a time through a wide range
of possibilities (Gephart and Forsyth, 1984). The measure
of misﬁt is given by the smallest rotation about an axis of
any orientation that brings one of the nodal planes and the
slip direction into an orientation consistent with the stress
model.
If the fault plane of a focal mechanism is known (for ex-
ample, from surface ruptures), it can be a priori informa-
tion for stress tensor inversion. The amount of data we use
here to derive a stress tensor is limited, but surface ruptures
were observed in six of 12 events used in the calculations.
These are the 1957 Abant (Mw = 7.0) earthquake, the three
major subevents of the 1967 Mudurnu (Mw = 7.2) earth-
quake obtained by Pınar et al. (1996), and the 1999 Izmit
(Mw = 7.4) and the 1999 Du¨zce (Mw = 7.2) earthquakes.
We have not included the focal mechanisms of aftershocks
in the stress tensor inversion in view of the fact that the dis-
placements on the faults perturb the stress ﬁeld generating
the aftershocks. The major events in the region are char-
acterized by predominantly right-lateral strike-slip faulting
with nearly E-W striking fault planes, implying a roughly
NW-SE-oriented horizontal maximum principal stress axis
(σ1) and a NE-SW striking horizontal minimum compres-
sive stress axis (σ3). We use that piece of information
as an initial stress model to invert focal mechanism data.
The inversion yielded the best stress tensor, with azimuth
and plunge values of σ1 = (307, 4), σ2 = (91, 86), and
σ3 = (217, 0) and a stress amplitude ratio R = 0.4, in-
dicating tri-axial compression. These values are close to
the ones obtained by Kiratzi (2002) although her data in-
cludes several aftershocks. The measure of the goodness
of the solution is the average misﬁt rotation angle, which
we found to be 2.0◦. Such a low average misﬁt error re-
ﬂects the stress homogeneity and shows how well the indi-
vidual focal mechanisms ﬁt the derived stress tensor. The
low and large misﬁt angles indicate homogeneous and het-
erogeneous stress ﬁelds, respectively. The histogram of R
values, the stress tensor models predicted within the 95%
conﬁdence limit, and the observed P- and T -axes are shown
in Fig. 2(a, b and c, respectively).
3. Stress Tensor Inversion Based on First Motion
Polarities of Aftershocks
Horiuchi et al. (1995) developed a method that uses ﬁrst-
motion P-wave polarity data for the simultaneous determi-
nation of stress tensor and fault plane solutions of earth-
quakes. Here we provide a brief explanation of the method;
for more details, the reader is referred to Horiuchi et al.
(1995).
The method is based on estimating the number of incon-
sistent polarities between the observed and theoretical am-
plitude of the P-waves of events taking place within the
same stress regime at various seismic station. The theo-
retical amplitude is calculated as a function of the orien-
tation of the principal stress axes and the fault plane pa-
rameters, i.e., the number of inconsistent data points is a
function of the stress tensor and the fault plane parameters.
The best ﬁt solution is obtained when the number of the
inconsistent observed polarities reaches the minimum. To
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Fig. 3. Frequency distribution of ﬁrst-motion polarity data. The upper number is the number of observed polarity in an aftershock, and the lower
number its frequency in the whole data set.
Fig. 4. The location of the aftershocks and the clusters for which focal mechanisms and stress tensor are determined simultaneously using ﬁrst-motion
polarity data.
achieve the latter we ﬁrst determine—for each event—the
number of inconsistent stations for all cases of the theoret-
ical focal mechanisms calculated with intervals of certain
degrees. This calculation is performed for all of the ob-
served events, and all of the calculated values are stored in
a ﬁle. Using these stored data, we then determine the pa-
rameters of the stress tensor for which the number of the
inconsistent stations is minimum. In this step, the locations
of the plunge and azimuth for which the number of misﬁt
polarity is the minimum are determined by allowing for the
principal stresses in all directions with a certain interval and
making a grid search against the other unknown parameters
(Horiuchi et al., 1995). Also, based on our assumption that
the slip direction is parallel to the direction of maximum
shear stress, the method can distinguish the fault plane from
the two nodal planes.
Our data set includes the ﬁrst-motion polarities of 758 af-
tershocks of the August 17, 1999 Izmit earthquake (Fig. 1).
The larger (Mw > 4) aftershocks have been previously stud-
ied using moment tensor inversion techniques (O¨rgu¨lu¨ and
Aktar, 2001; Pınar et al., 2001, 2003). Here, we analyze
aftershocks with magnitudes Mw < 4.0. Because of the
smaller size of the aftershocks and the sparse seismic net-
work, almost half of the aftershocks were recorded at fewer























Fig. 5. The lower hemisphere projection of the P- and T -axes of focal mechanism of events determined using the method of Horiuchi et al. (1995) and
the FPFIT program of Reasenberg and Oppenheimer (1985).
Fig. 6. The lower hemisphere projection of the P- and T -axes of the focal mechanism of 34 theoretical events, each consisting of ten ﬁrst-motion
polarities which were inverted for focal mechanisms using the method of Horiuchi et al. (1995). The solid dots are the locations of the estimated
P-axes, the triangles are those of the T -axes. The large solid dot and triangle are the P- and T -axis, respectively, of the focal mechanism that was
used to generate the theoretical data set. The maximum epicentral distance used for generating the data sets is shown above the spheres.
than 15 seismic stations, and 14% of them were recorded at
just ten seismic stations (Fig. 3). Even with a good crustal
model it is hard to constrain the focal mechanism of an
event with ten-polarity data. Using the well-known FPFIT
routine (Reasenberg and Oppenheimer, 1985), we ﬁrst at-
tempted to determine the focal mechanism of aftershock
clusters shown in Fig. 4 and found out that most of these
events have multiple solutions, i.e., several focal mecha-
nisms explain equally well the observations that have a low
number of polarity events.
Using this condition and the method of Horiuchi et al.
(1995), we show that although the ﬁrst-motion polarity data
of individual events poorly constrain the focal mechanism
solutions, a cluster of such events better constrains the fault-
ing parameters when polarity data of these events are simul-
taneously used to derive the stress ﬁeld that generated them
(Fig. 5).
We present a numerical test to prove this hypothesis, us-
ing a cluster of 34 events all with ten ﬁrst-motion polarities.
The theoretical polarities of the events are generated us-
ing the same focal mechanism solution, with strike = 121◦,
dip = 37◦, and rake = −66◦. The locations of the stations
on the focal sphere are determined randomly by generating
random numbers. For example, the numbers from 1 to 100
are used for epicentral distances from 1 to 100 km, and these
in turn are used to estimate the take-off angles. Similarly,
the random numbers from 1 to 360 are generated for their
azimuths. Thus, the locations of the stations on the focal
sphere are randomly determined. The ten-polarity events in
our data set mostly do not include stations beyond an epi-
central distance of 100 km. We generated several data sets
with different maximum epicentral distances that vary from
25 to 200 km. Using the method of Horiuchi et al. (1995),
we inverted the randomly generated 340 ﬁrst-motion polar-
ity data sets to simultaneously determine the stress tensor
and the faulting parameters of the 34 events. The results are
shown in Fig. 6, which shows the locations of the P- and
T -axes of the derived focal mechanisms along with the P-
and T -axis locations of the focal mechanism that was used
to generate the polarity data sets. The ﬂuctuation of the es-
timated P- and T -axis around the actual P- and T -axis is
due to the bias in the estimated focal mechanism param-
eters, as shown in Fig. 7. Although the theoretical focal
mechanism is not precisely obtained from the ten-polarity
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Table 1. Stress tensor inversion results using aftershock rst-motion polarities and the regional stress tensor derived from the fault plane solutions of
large events which occurred between 1943 and 1999. The locations of the clusters labeled with capital letters A–G are shown in Fig. 1. The total
number of aftershocks in a cluster, the number of events used to determine the local stress tensors, and the total number of polarities in these clusters
are also given. σ1, σ2, and σ3 denote the maximum, intermediate, and minimum principal compressive stress axes, while φ and δ show the azimuth
and plunge of these axes in degree, respectively. The plunge is measured from horizontal. R is the ratio of the principal stress amplitudes de ned as
R = (σ2 − σ1)/(σ3 − σ1), where σ1 ≥ σ2 ≥ σ3. Min and Max are the minimum and maximum number of polarity mis ts in the clusters obtained for
a 5◦ grid search.
Aftershock Used/Total events Polarity σ1 σ2 σ3 R Polarity mis ts
clusters (545/758) (counts) φ δ φ δ φ δ Min Max
A 88/111 1008 268 46 117 40 194 15 0.50 84 187
B 61/68 729 312 30 57 24 180 50 0.65 32 108
C 50/55 622 282 15 196 15 328 69 0.35 29 79
D 93/112 1297 284 24 154 55 25 24 0.36 56 218
E 32/43 426 5 65 286 5 198 25 0.33 25 60
F 167/309 2351 348 52 222 25 118 27 0.83 101 341
G 54/60 703 347 55 94 11 191 33 0.50 28 76
Regional stress tensor 308 3 91 86 218 2 0.50
data using this method, the locations of the P- and T -axes
are predicted satisfactorily (Fig. 7). When we increase the
polarity number from 10 to 15, the inversion yields a focal
mechanism similar to the “theoretical” one (Fig. 8).
We compared a set of fault plane solutions determined
both with FPFIT and Horiuchi et al. (1995) methods in
Fig. 5. Although the P- and T -axes of the FPFIT fo-
cal mechanisms (Fig. 5(b)) are widely scattered, implying
a non-uniform stress eld, the results obtained using the
Horiuchi et al. (1995) method (Fig. 5(a)) yield a more uni-
form distribution.
4. Results and Discussion
We have used the rst-motion polarity data of 545 af-
tershocks from among the 758 recorded by permanent and
temporary seismic stations between 17 August and 16 Oc-
tober 1999 (Fig. 4). The minimum of ten rst-motion po-
larities and the toleration of one mis t polarity were the cri-
teria for the events to be included in the inversion process.
The spatial distribution of aftershocks shows seven clusters
with delamination along the 17 August ruptured fault zone,
extending from Yalova to Du¨zce (denoted by capital letters
A–G in Figs. 1 and 4). The number of aftershocks and the
total number of polarities used to derive a stress tensor for
these clusters are given in Table 1 along with the inversion
results.
4.1 C¸ınarcık cluster (A)
This cluster extends between Yalova and C¸ narc k, mark-
ing the activity along a 15- to 20-km-long fault lying at the
western rupture termination zone of the August 17, 1999
earthquake (Fig. 1). P nar et al. (2001, 2003) identi ed this
fault as a normal fault with a strike-slip component and sug-
gested that it was last ruptured by the 1963 C¸ narc k event
(Mw 6.3).
A high-resolution velocity image along a pro le that
crosses the cluster area depicts a clear high-velocity (Vp >
6.0 km/s) crustal body around a depth of 5.0 km (Karabulut
et al., 2003). The depth cross-section in Fig. 1 indicates that
the hypocenters of most of the aftershocks lie in a zone be-
tween 5 and 12.5 km in depth (Ito et al., 2002). However,
the CMT depths of the aftershocks obtained by P nar et al.
(2001, 2003) are shallower than 5 km.
We have also obtained shallower depths for the C¸ narc k
activity after relocating the aftershocks. It may actually be
confusing to see two different depth distributions for the af-
tershock activities given in Figs. 1 and 4. The aftershocks in
Fig. 1 were obtained by Ito et al. (2002), and those in Fig. 4
are obtained by the relocations performed in this study. It
was necessary to perform the relocations because the de-
tailed crustal structure and the depth of the events are two
important parameters that de ne the take-off angle, and the
latter in turn determines the position of the observed po-
larity on the focal sphere. In our relocations, we used the
crustal structure of Karabulut et al. (2003), which was de-
rived from a long active seismic pro le crossing the source
region of the 1999 Izmit earthquake. We believed that this
pro le is a well-constrained crustal model for the region.
Our relocation results are shown in Fig. 4. The hypocentral
distribution of the aftershocks in Fig. 1 is obtained using
a crustal model in which the velocity increases with depth
following a certain function.
In general, the aftershocks that we used for stress ten-
sor inversion are located at a shallow depth within a crustal
zone where Vp velocities range from 3.0 to 4.0 km/sec ( g-
ure 3 of Karabulut et al., 2003). The remarkable features of
this cluster are: (1) no co-seismic failures were found asso-
ciated with the August 17 mainshock; (2) the aftershock
activity commenced 2 days after the mainshock, proba-
bly triggered by Coulomb failure stress increase (P nar et
al., 2001), post-seismic slip (Reilinger et al., 2000), or in-
creased pore pressure (Karabulut et al., 2003); (3) the af-
tershock activity yields a relatively higher b-value (Aktar et
al., 2004).
In our data set, the total number of aftershocks that were
recorded at more than ten stations is 111, and the number
of events that satis ed the criterion to be set in stress ten-
sor inversion is 88, including 1008 rst-motion polarities
(Fig. 9; Table 1). The principal stress axes and the stress
magnitude ratio of the best stress tensor and the P- and T -
axes of the focal mechanism parameters are shown in Fig. 9
along with the polarity mis t distributions. The lower hemi-
sphere projections of the P-axes show an E-W alignment
parallel to the trend of the normal fault and to that of the
NAFZ, while the T -axes are oriented in direction normal
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Fig. 9. Stress tensor inversion and fault plane solution results for the C¸ınarcık cluster. Equal area projection of the number of misﬁt polarities used to
deﬁne the orientation of the principal stress axes is shown: (a) the distribution for the maximum compressive stress axis, σ1, (b) the distribution for
the intermediate compressive stress axis, σ2, (c) the distribution for the minimum compressive stress axis, σ3, (d) lower hemisphere projection of the
P- and T -axes of the focal mechanisms determined simultaneously with the stress tensor parameters, (e) the number of misﬁt polarities versus stress
magnitude ratio, R. The numbers above the legend indicate the numbers of aftershocks and the total numbers of polarities used in the inversion.
to the fault and to the NAFZ (Fig. 9(d)). The fact that the
plunge of the best maximum compressive stress axis (σ1) is
away from the horizontal (46◦) and the plunge of the mini-
mum compressive stress axis is close to the horizontal (15◦)
suggests a trans-tensional stress regime. The depth range
of the aftershocks used for stress tensor inversion is shal-
lower than 5 km and has been identiﬁed as a low-velocity
zone (Karabulut et al., 2003). Thus, most of the aftershocks
in this cluster are in a weak zone or on a fault plane with
a low coefﬁcient of friction, probably resulting from high
heat ﬂow. Here, we should note that the area is a popular
tourist site due to its geothermal springs.
Taking into account the fault orientation, we claim that
the stress tensor inversion results imply a low coefﬁcient
of friction or a weak fault. The basic relation between the
orientation of the maximum and minimum principal stress
axes, the shear and normal stresses, and the orientation of a
fault is deﬁned as follows:
σn = σ1 cos2 θ + σ3 sin2 θ
σs = (σ1 − σ3) sin θ cos θ
Here, σs and σn are the shear and normal stresses, respec-
tively, acting on a fault plane, and θ is the angle between
the fault normal and maximum compressive stress axis (pp.
154, Twiss and Moores, 1992). According to these rela-
tions, when the trend of the σ1 axis is close to the strike of
the fault, i.e., θ is close to 90◦, the shear stress acting on the
fault plane approaches zero. On the other hand, the ratio be-
tween the shear and normal stresses acting on a fault plane
is proportional to the coefﬁcient of friction (μ = σs/σn) of
that fault plane (pp. 211, Twiss and Moores, 1992) when
the fault slips. Based on this knowledge, the fault parallel
trend of the σ1 axis (fault normal trend of σ3 axis) suggests
a low coefﬁcient of friction on the planes that accommo-
dated the aftershock activity of the Yalova-C¸ınarcık cluster.
Similarly, when the trend of σ1 axis is perpendicular to the
strike of the fault, i.e., θ is close to 0◦, the shear stress acting
on the fault plane and the coefﬁcient of friction approaches
zero.
Very high aftershock activity on this fault commenced on
19 August, i.e., 2 days after the mainshock (more precisely,
approximately 63 h after the mainshock). This length of
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Fig. 10. Stress tensor inversion and fault plane solution results for the Yalova cluster. For a more detailed explanation, see the caption for Fig. 9.
time along with the observation of the extremely low coef-
ﬁcient of friction may be considered to be additional clues
on the extent of the co-seismic rupture and the post-seismic
dynamics. The debate on whether the Yalova segment (40-
km-long fault extending between Yalova and the Hersek
Peninsula) was ruptured on 17 August is still underway
(Cormier et al., 2006). Taking into account the proximity
of the C¸ınarcık and Yalova segments and the low friction
coefﬁcient on the C¸ınarcık segment, the 63-h delay in the
appearance of aftershocks may indicate the absence of con-
siderable co-seismic displacements on the Yalova segment
and that stress loading by post-seismic displacement was
the likely trigger of the activity of the C¸ınarcık swarm.
4.2 Yalova cluster (B)
The lack of primary surface ruptures on the Hersek Delta
(e.g. Barka et al., 2002; Gu¨len et al., 2002) and the presence
of aftershock activity along the Yalova segment (Ito et al.,
2002; O¨zalaybey et al., 2002) triggered a debate on the
western extension of the fault ruptures associated with the
1999 Izmit earthquake. Pınar et al. (2001) pointed out
that the aftershock activity to the west of the delta may
have been triggered by the static stress changes associated
with the main shock rather than the activity on a ruptured
fault. However, coseismic GPS data require at least a 0.6-m
slip (Fig. 1) on the fault segment (Reilinger et al., 2000),
and even higher displacements (1.5 m) are inferred from
modeling the InSAR data (Wright et al., 2001).
Although the narrow aftershock alignment extending 40–
50 km implies a nearly E-W right-lateral strike slip mo-
tion, the fault plane solutions of the aftershocks on this seg-
ment are of various types and orientations. Nakamura et al.
(2002) obtained mainly reverse faulting mechanisms, while
the results of Karabulut et al. (2002) show reverse, strike-
slip, and normal faulting mechanisms. The aftershock activ-
ity on this segment yields low b-values (Aktar et al., 2004).
The 3-D crustal structure studies of Barıs¸ et al. (2005) and
Nakamura et al. (2002) reveal somewhat contradictory im-
ages for the Yalova segment; the former shows stronger
upper and weaker lower crust and the latter weaker upper
crust.
Some workers regard the area between the Gemlik Bay
and the Gulf of Izmit as the Armutlu-Almacık Highland
and it developed due to compressional tectonic regime (ﬁg-
ure 2 in Elmas and Gu¨rer, 2004). If this is this case,
the Yalova segment is its northern boundary. In addition,
high-resolution seismic and multi-beam bathymetry data
acquired in the Gulf of Izmit indicate several compressional
features along the Yalova segment occurring as restraining
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Fig. 11. Stress tensor inversion and fault plane solution results for the Go¨lcu¨k cluster. For a more detailed explanation, see the caption for Fig. 9.
bends created by a step-over of strike slip faults (Go¨kas¸an
et al., 2001).
For the Yalova segment, 61 aftershocks out of 68, includ-
ing 729 ﬁrst-motion P-wave polarities, met the criterion to
be used for stress tensor inversion (Table 1). The inversion
results show that the maximum and intermediate principal
stress axes are closer to horizontal and that the minimum
compressive stress axis is closer to vertical, indicating a
transpressive tectonic stress regime (Table 1) in the west-
ern part of the Gulf of Izmit, which well ﬁts the structural
models (Go¨kas¸an et al., 2001; Cormier et al., 2006).
The trend of the σ1 axis derived from the aftershocks
of the Yalova segment is very close to the azimuth of the
maximum compressive stress axis acting prior to the 1999
I˙zmit mainshock (Fig. 10). This result suggests that the co-
seismic slip associated with the 17 August event caused no
considerable stress perturbations in the western part of the
Gulf. This could be due to negligible or lack of co-seismic
slip on the Yalova segment.
4.3 Go¨lcu¨k cluster (C)
The August 17, 1999 Izmit mainshock rupture initiated
at the eastern end of the Go¨lcu¨k segment at a depth of about
17 km (Barıs¸ et al., 2002; Ito et al., 2002; Matsushima et
al., 2002) and propagated westward along the Go¨lcu¨k seg-
ment and eastward along the Sapanca segment (Yagi and
Kikuchi, 2000). An approximately 10-km-long aseismic
zone between the Yalova and Go¨lcu¨k segments is observed
in the aftershock distribution map (Fig. 1) that could be ei-
ther due to an arrest of westward rupture propagation by a
barrier on a fault plane or a decrease in Coulomb failure
stress (Pınar et al., 2001). Although Lettis et al. (2002)
suggested that the right step over of the Go¨lcu¨k segment to
the Yalova segment forms the 5-km-wide Karamu¨rsel basin
where the westward rupture propagation was arrested, the
study of Go¨kas¸an et al. (2001) suggests that the region is
a restraining bend where young sediments are squeezed.
Moreover, the fault plane solutions of the aftershocks on
this segment determined by Nakamura et al. (2002) show a
thrusting mechanism, while different types of mechanisms
are estimated by O¨zalaybey et al. (2002). Also, the cen-
tral portion of the segment shows relatively higher b-values
than the tips of the segment (Aktar et al., 2004). The
higher b-values on the segment correlate with the relatively
higher seismic velocities (Nakamura et al., 2002; Barıs¸ et
al., 2005). Right-lateral strike-slip surface displacements of
a maximum of 5.5 m were measured at Go¨lcu¨k on this seg-
ment (Aydın and Kalafat, 2002; Gu¨len et al., 2002). GPS
data also show that the maximum displacements occurred
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on this segment (Reilinger et al., 2000). The Go¨lcu¨k seg-
ment and the Sapanca segment form a releasing step-over
where the vertical displacement of 2.4 m was observed on a
NW-SE-trending normal fault (e.g., Barka et al., 2002).
In our data set, 50 aftershocks out of 55 have none or
one mis t polarity. A total of 622 rst-motion polarities are
used to derive a stress tensor and focal mechanisms of the
aftershocks, and the best stress tensor is determined with 29
mis t polarities (Fig. 11; Table 1). The plunges of the max-
imum and intermediate compressive stress axes are close
to horizontal, and the plunge of the minimum compressive
stress axes is close to vertical (Fig. 11). This result is similar
to that obtained from the aftershocks on the Yalova segment
denoting transpressive tectonic regime (Fig. 10). The main
difference between the two sets of results is the 30◦ coun-
terclockwise rotation of the stress tensor derived from the
aftershocks on the Go¨lcu¨k segment (Table 1). The relatively
lower P-wave velocity and little to no coseismic displace-
ments on the Yalova segment and the relatively higher P-
wave velocity and large coseismic displacements observed
on the Go¨lcu¨k segment are other noticeable differences.
This velocity structure, which re ects the strength of the
crust, and the coseismic rupture pattern may have played
a role in the signi cant rotation of the stress eld inferred
from the aftershocks on the Go¨lcu¨k segment. This subject
will be discussed in more detail in the following subsection.
Thus, up to this point in our study, we have obtained
transpressive local stress tensors for the two clusters of af-
tershocks. It is obvious from the studies of Go¨kas¸an et al.
(2001) and Cormier et al. (2006) that the source of the com-
pressive component in the stress eld could also be struc-
tural, emerging from the restraining zones created by seg-
mentation and offset of right-lateral strike slip faults be-
neath the Gulf of Izmit.
4.4 Izmit cluster (D)
Although the observed surface ruptures of the Sapanca
segment are trending E-W, the aftershock distribution in the
proximity of Izmit shows ENE-WSW alignment (Fig. 1).
We therefore name this swarm activity as Izmit. The
hypocenter of the 1999 Izmit earthquake is located in this
cluster where swarm activity had been taking place for
decades prior to the mainshock. This swarm activity could
have been either an indication of seismic activity around
an asperity to be ruptured (Honkura et al., 2000; O¨ncel
and Wyss, 2000) or aseismic slip below the hypocenter
(Reilinger et al., 2000). The ENE-WSW alignment, which
indicates a considerable rotation from the E-W-trending
NAFZ, is likely to be a result of high coseismic displace-
ments to the west (∼5.5 m) and to the east (∼5 m) of the
segment. Large displacements on strike-slip faults generate
large Coulomb failure stress changes that are comparable
to the amplitude of the background regional stresses along
and at the tips of fault segments that rotate the optimally
oriented fault planes (King et al., 1994). An alternative ex-
planation is that the NNE-WSW alignment could be a seis-
mic activity triggered by the mainshock on hidden faults
although no faults with these orientations are known.
P-wave tomography studies (Nakamura et al., 2002;
Bar s¸ et al., 2005) and the resistivity structure inferred from
pro les crossing the Izmit cluster (Elmas and Gu¨rer, 2004;
Oshiman et al., 2002; Tank et al., 2005) indicate that the
fault zone in the swarm area is relatively weaker than its
surroundings. This situation may explain the observed rel-
atively lower coseismic surface displacements (Nakamura
et al., 2002). Tank et al. (2005) point out that this swarm
activity took place in the boundary zone between the high-
resistive and low-resistive materials corresponding to strong
and weak crust, respectively. Compared with the neigh-
boring segments, the displacements on this segment were
smaller (Ayd n and Kalafat, 2002; Barka et al., 2002; Gu¨len
et al., 2002). Also, GPS data indicate that the small surface
rupture displacements were compensated for to some extent
by large post-seismic slip observed on and beneath the co-
seismic rupture zone (Reilinger et al., 2000; Bu¨rgmann et
al., 2002; Hearn et al., 2002).
The stress tensor inversion results are given in Table 1
and illustrated in Fig. 12. The minimum mis t polarity re-
gion for maximum compressive stress axis (σ1) covers a
large area of plunge angles, which is contrary to the hor-
izontal σ1 prior to the mainshock. The trend of the mini-
mum mis t polarity region for σ1 (Fig. 12(a)) is similar to
the trend of P-axes (Fig. 12(d)). Similarly, the lower hemi-
sphere projection of the location of the minimum mis t po-
larity region of σ3-axis (Fig. 12(c)) coincides with the lower
hemisphere projections of the T -axes (Fig. 12(d)).
McKenzie (1969) showed that the orientation of the max-
imum principal compressive stress axis relative to the ori-
entation of the P-axis can differ signi cantly for the cases
when the earthquakes occur as a rupture in a homogenous
medium or as a slip on pre-existing fault planes. In the case
of slip on pre-existing fault planes, the σ1 direction must
be in the quadrant containing the P-axis, but it may be at
a right angle to the direction of the P-axis; however, for
the case of rupture of homogenous material, σ1 may lie in
a plane containing the P-axis. McKenzie (1969) explains
the latter situation using examples of intermediate and deep
earthquakes taking place in Tonga-Fiji and Kermadec re-
gions where the P-axes of the events are almost parallel to
the dip of the subducting slab, where σ1 is in the plane con-
taining the earthquakes and is directed along the dip of the
slab.
Actually, the ENE-WSW orientation, i.e., the counter-
clockwise rotation of the Izmit segment, emerged after the
mainshock. No faults with this orientation are known for
the region. As was mentioned earlier, such an orientation
may show rotation of the optimally oriented fault planes
due to high stress changes associated with the mainshock
(King et al., 1994). Also, the stress tensor derived from
the Izmit cluster is approximately 15–20◦ counterclockwise
rotated relative to the regional stress tensor existing prior
to the mainshock. Although the slip amount on the adja-
cent Go¨lcu¨k fault segments is twofold higher than that of
the Izmit segment, we do not observe any rotations in the
optimally oriented fault planes as revealed by the aftershock
distribution.
Yukutake (2005) investigated spatial changes in the stress
eld caused by the large 2000 Tottori earthquake and in-
dicated that the spatial rotation in the stress eld resulting
from the static stress changes associated with the mainshock
depends on the amplitude of the stress eld prior to the
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mainshock or the strength of the fault. Where applied initial
stress (or fault strength) is high, stress perturbation caused
by the mainshock is relatively negligible, and local stress
tensor is consistent with regional stress, while in a region
under low initial stress (or low fault strength), stress per-
turbation from the mainshock, relative to the initial stress,
is large and the local stress tensor can deviate from the re-
gional stress.
Our results are somewhat explained with the Yukutake
(2005) hypothesis. Yukutake simply states that rotation of
the stress ﬁeld by the static stress changes implies a small
differential stress amplitude prior to the mainshock and,
vice versa, if there is no rotation, the differential stress
amplitude prior to the mainshock is large. Furthermore,
Yukutake relates the large and small differential amplitudes
to strong and weak crustal patches, respectively. Thus,
Yukutake’s hypothesis implies quite a weak crustal patch
for the Izmit region because the low coseismic displace-
ments on this segment may have signiﬁcantly rotated the
optimally oriented fault planes. Similarly, the high co-
seismic displacements in the Go¨lcu¨k region and the lack
of obvious rotations in the aftershock alignment along the
Go¨lcu¨k segment imply a strong crustal patch for the Go¨lcu¨k
region. These implications also ﬁt the high- and low-
velocity zones for Go¨lcu¨k and Izmit, respectively, obtained
by Nakamura et al. (2002).
4.5 Lake Sapanca cluster (E)
The Lake Sapanca cluster includes the aftershocks lo-
cated on the Sapanca segment and the Sapanca step-over
basin. The aftershock alignment along the northern shore
of the lake depicts the Sapanca segment, while the after-
shock on the southern margin of the lake reﬂects the activ-
ity on a fault forming the southern margin of the step-over
basin. Bathymetric data acquired after 17 August obviously
show that the Sapanca segment is the northern border of the
Sapanca basin and extends across Lake Sapanca to the east-
ern margin of the lake (Lettis et al., 2002). GPS data show
that the maximum right-lateral horizontal displacement of
4–5 m observed onshore the Sapanca segment immediately
to the west of the lake gradually dies out beneath the lake
(Reilinger et al., 2000). During the 17 August event, ex-
tensive subsidence occurred along the southern margin of
the lake, and 30-cm dip-slip motion on a normal fault was
observed (Lettis et al., 2002).
The distribution of the P- and T -axes of the focal mech-
anism of the aftershocks in the cluster indicates that most
of the aftershocks have a predominantly normal faulting
mechanism where the P-axis trend is close to vertical and
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Fig. 13. Stress tensor inversion and fault plane solution results for the Sapanca cluster. For a more detailed explanation, see the caption for Fig. 9.
the T -axis trend is close to horizontal (Fig. 13(d)). The
stress tensor inversion results (Fig. 13; Table 1) are similar
to the results for the C¸ınarcık cluster, with the maximum
compressive principal stress axis parallel to the NAFZ and
the minimum compressive stress axis normal to it. There-
fore, considering the similar trend of the faults in the two
regions, the implications of the stress tensor orientation for
the Lake Sapanca region should be similar. The implication
of a low friction coefﬁcient for the shallow depth C¸ınarcık
aftershock activity was based on the weak crustal strength
at a shallow depth, as revealed by high-resolution seismic
imaging (Karabulut et al., 2003). However, the depth range
of the Lake Sapanca aftershock activity is between 5 and
15 km, where the crust should be stronger (Fig. 13). Barıs¸
et al. (2005) report a relatively stronger crust for this depth
range, while Nakamura et al. (2002) suggest a weaker crust.
The low-friction-coefﬁcient implication of the stress ten-
sor for the Lake Sapanca region may reﬂect the post-seismic
slip motion which occurred beneath the lake. Figure 1
shows that the GPS-derived co-seismic displacements are
high to the west and east of Lake Sapanca but lower be-
neath the lake where the swarm lies. The GPS data also
show that the post-seismic slips are higher in the region
where co-seismic slips were lower (Reilinger et al., 2000;
Bu¨rgmann et al., 2002). Therefore, the fault parallel σ1 and
the fault normal σ3 derived from the Lake Sapanca swarm
may provide some proof of the post-seismic slip motion that
is equivalent to the low friction coefﬁcient derived for the
C¸ınarcık swarm. Thus, we have two similar stress tensors
resulting from two different effects, implying a low fric-
tional coefﬁcient or weak crust. In truth, the low frictions
are not necessarily to be consistent with the post-seismic
slip because slip-strengthening is needed for post-seismic
slip; therefore, we do not rule out the possibility that the
causative agents for the stress tensor derived from Cinarcik
and Sapanca swarms are similar.
4.6 Sakarya-Akyazı cluster (F)
Anomalously high aftershock activity took place in this
structurally complex Sakarya-Akyazı region (Figs. 1 and
4) where the highest b-values were obtained (Aktar et al.,
2004). The co-seismic surface ruptures on the 26-km-long
Sakarya segment started from 0.5 m at the eastern margin
of Lake Sapanca and increased to a maximum of 5.1 m
just 3 km away from the lake. The average horizontal
displacements on the western, central, and eastern parts of
the segment are 4, 2, and 1 m, respectively, gradually dying
out eastward. Repeated surface measurements conducted at
several sites on the segment show that the sites of low co-
A. PINAR et al.: SPATIAL VARIATION OF THE STRESS FIELD ALONG RUPTURE ZONE 251
Fig. 14. Stress tensor inversion and fault plane solution results for the Sakarya-Akyazı cluster. For a more detailed explanation, see the caption for
Fig. 9.
seismic slip experienced large post-seismic slip (Langridge
et al., 2002). The 6-km-wide region between the eastern
end of the Sakarya segment and the Karadere segment is a
site of no surface ruptures (Barka et al., 2002).
The Sakarya segment forms a releasing bend to the west
with the Sapanca segment while the left step-over of the
Karadere segment to the Sakarya segment creates a restrain-
ing bend around Akyazı (Lettis et al., 2002). Also, the
Sakarya segment and the westernmost segment ruptured by
the 1967 Mudurnu earthquake form a 6-km-wide releasing
step-over basin that arrested the westward propagating rup-
tures of the Mudurnu earthquake. This earthquake ruptured
several segments on the NAFZ (Pınar et al., 1996; Mu¨ller
and Aydın, 2004).
The data set includes 300 aftershocks in the Sakarya-
Akyazı cluster for which at least ten ﬁrst-motion P-wave
polarity readings are available. We ﬁrst implemented stress
tensor inversion using all of the aftershocks in the clus-
ter. Only 167 events out of 300 met the condition of one
misﬁt polarity to be included in the stress tensor inversion
analysis. The results of this inversion process are shown
in Fig. 14 and Table 1. We next divided the data set into
subsets, considering the fact that the large number of after-
shocks that do not meet the criterion to be used in stress
tensor inversion is due to spatial or temporal variations in
the stress ﬁeld.
We ﬁrst handle the case of spatial variation, dividing the
data set into two subsets, namely, the western and the east-
ern subsets. The ﬁrst data subset includes 180 aftershocks
lying in the western half of the cluster, and the second sub-
set includes 120 aftershocks located in the eastern side of
the cluster. In the ﬁrst data subset, 147 aftershocks, includ-
ing 2,124 ﬁrst-motion polarities, were used to derive a stress
tensor; the inversion results are identical to the stress tensor
determined using the whole data set (Fig. 15). The stress
tensor inversion of the second data subset was performed
using 99 events and 1,335 polarities. The result shows a
stress tensor of a similar extensional character but consid-
erably rotated compared to the stress tensor of the ﬁrst data
subset. The trend and plunge of the maximum, interme-
diate, and minimum compressive stress axes are 113◦ and
70◦, 277◦ and 19◦, and 8◦ and 5◦, respectively, and the stress
magnitude ratio R equals 0.81 (Fig. 16). As already men-
tioned, the observed co-seismic displacements were lower
and the post-seismic displacements were higher in the east-
ern part of the Sakarya-Akyazı cluster and, vice versa, the
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Fig. 15. Stress tensor inversion and fault plane solution results for the western Sakarya-Akyazı cluster. For a more detailed explanation, see the caption
for Fig. 9.
co-seismic displacements were higher and the post-seismic
displacements were lower in the western part of the cluster
(Langridge et al., 2002). These observations are in accor-
dance with the different orientations of the stress ﬁeld in
the eastern and western parts of the cluster. The orienta-
tion of the eastern stress tensor and the N75◦W strike of the
Akyazı strand indicate post-seismic slip similar to that for
the Sapanca cluster, where post-seismic slip was reported
by Langridge et al. (2002), since the σ1-axis tends to be
fault parallel and the σ3-axis tends to be fault normal.
Although the orientation of the stress tensors derived
from the ﬁrst and second data subsets is different, the
transtensional stress regime (σ1 close to vertical, σ2 and σ3
close to horizontal) and the stress magnitude ratio close to
R = 0.8 are common features (Figs. 14, 15, 16). These
stress tensors are somewhat contradictory to the expecta-
tion because the Sakarya and Karadere segment forms a re-
straining bend in the Akyazı region where the compressive
stress tensor should be expected. However, when we care-
fully check the location of the aftershocks, we see that they
tend to occur to the south of the restraining bend, i.e., be-
tween the rupture zones of the 1967 Mudurnu and the 1999
Izmit earthquakes. Thus, the stress tensors derived from the
aftershocks of the 1999 event show that the region between
the rupture zones of the northern and southern branches of
the NAFZ forms a releasing bend that generates a several-
kilometer-wide step-over basin where the sediment thick-
ness reaches up to 10 km (Tank et al., 2005). The wide
and thick sedimentary basin has arrested the westward prop-
agating ruptures of the 1967 Mudurnu earthquake for 32
years. In contrast, the eastward propagating ruptures of the
Sakarya segment were able to cross the basin and trigger a
1- to 1.5-m slip on the Karadere segment (Langridge et al.,
2002; Mu¨ller and Aydın, 2004).
Let us now discuss this asymmetry of rupture propaga-
tion during the 1967 and 1999 major earthquakes. One
possible explanation could be the large difference in the
amount of deformation accumulated on the segments that
tried to cross the basin in 1967 and 1999. The maximum
co-seismic slip on the western part of the segment where
the rupture propagated and gradually decreased eastward
during the 1999 mainshock event was about 5 m. In com-
parison, the maximum observed co-seismic slip during the
1967 rupture was about 1.9 m. That is to say, in 1999 the
co-seismic slip was strong enough to trigger an eastward
slip that propagated through the basin, but in 1967 the ac-
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Fig. 16. Stress tensor inversion and fault plane solution results for the eastern Sakarya-Akyazı cluster. For a more detailed explanation, see the caption
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cumulated strain was not high enough to do the same.
We then divided the period from 17 August 1999 to 10
October 1999 into time intervals of 2 weeks and investi-
gated temporal variation in the stress tensor. The results of
timeline analysis were similar to those obtained from our
analyses of spatial variations, indicating that transtensional
stress regime were dominant at all the time intervals.
4.7 Karadere cluster (G)
The maximum right-lateral displacement on the N60◦–
70◦E-striking, 35- to 40-km-long Karadere segment that is
the easternmost ruptured segment was 1.5 m, with an aver-
age of 1 m. This value is quite low compared with the mea-
surements on the segments lying to the west of it (C¸emen
et al., 2000; Aydın and Kalafat, 2002; Hartleb et al., 2002;
Lettis et al., 2002). In addition to the low average slip, its
oblique orientation to the generally EW-trending NAFZ is
another prominent feature of the Karadere segment (Mu¨ller
and Aydın, 2004).
A couple of weeks after the mainshock, Iio et al. (2002)
installed a dense network to monitor the aftershock activity
along the Karadere segment. They subsequently obtained
seismological evidence for post-seismic slip or creeping
along the segment. This occurrence of this aftershock ac-
tivity was also evident from the GPS data, indicating that
the highest post-seismic slip during the ﬁrst 80 days af-
ter the mainshock occurred beneath the Karadere segment
(Reilinger et al., 2000; Bu¨rgmann et al., 2002).
Taking our discussion on the results derived from the
C¸ınarcık, Sapanca, and Sakarya-Akyazı aftershock swarms
into consideration, we suggest that the stress tensor inver-
sion results obtained from the aftershocks around Karadere
segment (Table 1; Fig. 17) can be attributed to the post-
seismic slip detected by the previous studies. Contrary to
the fault parallel σ1 and fault normal σ3 in the previous
cases, the σ1 in the Karadere stress tensor is fault normal
and the σ3 is fault parallel. Despite the differences in the
orientations of the σ1- and σ3-axes, both cases imply a low
frictional coefﬁcient.
5. Conclusions
Spatial variation of the stress ﬁeld along the fault rupture
zone of the Izmit earthquake was investigated by means of
stress tensor inversion using ﬁrst-motion polarity data for
seven aftershocks clusters. The summary of our ﬁndings
are as follows:
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Fig. 17. Stress tensor inversion and fault plane solution results for the Karadere cluster. For a more detailed explanation, see the caption for Fig. 9.
1. The aftershocks in the C¸ınarcık cluster yield a stress
tensor of extensional character. We interpret the fault
parallel σ1 and fault normal σ3 acting around the
C¸ınarcık fault area as evidence of a low coefﬁcient
of friction or weak crust. Such an interpretation is in
agreement with the results of other geophysical studies
and the high heat ﬂow in the C¸ınarcık geothermal area.
2. The trend of the σ1 axis around the Yalova segment
is close to the pre-Izmit mainshock trend of the maxi-
mum compressive stress axis, implying that the 17 Au-
gust event caused no considerable stress perturbations
in the western part of the Gulf of Izmit. This suggests
negligible or lack of co-seismic slip on the Yalova seg-
ment west of the Hersek Peninsula.
3. Although the right step-over of the Go¨lcu¨k segment to
the Yalova segment forms a 5-km-wide releasing basin
east of the Hersek Peninsula where the westward rup-
ture propagation was arrested (Lettis et al., 2002), the
stress tensor inversion of the aftershocks shows com-
pressive style of deformation. Similar features are de-
rived from high-resolution bathymetry and shallow re-
ﬂection data which indicate that the region is restrain-
ing at the place where young squeezed sediments are
observed (Go¨kas¸an et al., 2001; Cormier et al., 2006;
Okyar et al., 2008). Also, the estimated 20◦–25◦ rota-
tion of the σ1-axis relative to the regional stress tensor
acting prior to the Izmit earthquake should be due to
the large co-seismic displacements, which reached up
to 5.5 m. On the other hand, the E-W alignment of
the aftershocks shows no rotation in the optimally ori-
ented fault planes, implying a strong crust along the
segment. The last two facts suggest that the stronger
the crust, the higher the accumulated deformation.
4. The stress tensor derived from the Izmit cluster is ap-
proximately 20◦ counterclockwise rotated relative to
the regional stress tensor existing prior to the main-
shock. Despite the co-seismic displacements being
twofold less than the Go¨lcu¨k segment, the optimally
oriented fault planes in the Izmit area are rotated by
about 20◦, as revealed by the aftershock distribution.
The geophysical studies show that the crust in this
part of the fault zone is weak, which in turn suggests
a differential stress amplitude that is lower than the
co-seismic stress changes, resulting in rotation of the
stress ﬁeld and optimally oriented fault planes. Thus,
the weaker the crust, the lower the accumulated strain
or stress.
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5. The fault parallel σ1 and the fault normal σ3 derived
from Lake Sapanca swarm are similar to the stress ten-
sor derived from the C¸ narc k swarm, implying a low
frictional coef cient. Contrary to the C¸ narc k seg-
ment, the Sapanca segment experienced post-seismic
slip. Thus, the two similar stress tensors are the results
of two different effects, both implying a low frictional
coef cient or weak crust.
6. We interpret the different orientation of the stress eld
in the eastern and western parts of the Sakarya-Akyaz
cluster as re ecting different levels of post-seismic dis-
placements observed along the segment. The orienta-
tion of the eastern stress tensor and the N75◦W strike
of the Akyaz strand once again indicate fault weak-
ness, i.e., the σ1-axis tends to be fault parallel and the
σ3-axis tends to be fault normal at the place where
post-seismic slip occurred. In addition, the transten-
sional features of the stress tensors are contradictory
to expectation because the Sakarya and Karadere seg-
ments form a restraining bend. Here, the stress ten-
sors show that the region between the rupture zones
of the northern and southern branches of the NAFZ
forms a releasing bend generating a several-kilometer-
wide step-over basin where the thickness of the sedi-
ment reaches up to 10 km (Tank et al., 2005).
7. Post-seismic slip was detected along the Karadere seg-
ment as well in the area where the stress tensor inver-
sion of the aftershocks shows that σ1 is fault normal
and σ3 is fault parallel.
8. The good correlation between the post-seismic slip
regions of the Izmit earthquake and the orientation of
the stress tensor is a challenging observation and can
be a tool for detecting creeping faults using the focal
mechanisms of events taking place along the creeping
part of faults.
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